The improved resolution of sediment provenance from detrital zircon analysis of Great Valley stratigraphy enables recognition of previously undocumented arc magmatism and the evolution of regional drainage systems within the Cretaceous arc-forearc system related to uplift, magmatism, and structure in the arc. Great Valley detrital zircon age data confirm previous studies that indicate that the locus of the sediment source in the southern Sierra Nevada arc migrated east with the active volcanic front and suggest rapid rates of uplift and unroofing of the southern arc. Sacramento Valley detrital zircon age data indicate a more complex history of drainage in the northern Klamath-Sierran arc than previously documented. Detrital zircon age distributions from the Cache Creek section of the Great Valley Group broaden through time from nearly unimodal age distributions to signatures with multiple age peaks. This transition to more broadly distributed detrital zircon age spectra likely results from a combination of (1) expanding subaerial drainage systems from highly localized to more broadly distributed catchments; (2) changing shelf and submarinecanyon morphology with rising sea level and/or basin subsidence; (3) increased degree of dissection of the Klamath-Sierran arc; and (4) potential drainage capture and redirection within the arc. Sacramento Valley detrital zircon age data also record a pulse of Late Jurassic to Early Cretaceous † E-mail: ksurpless@stanford.edu. magmatism in the northwestern Sierra Nevada arc, an age of Cordilleran magmatism and deformation represented by limited exposure in the modern Sierra Nevada. These results offer significant new insights into the evolution of a well-studied arc-forearc system.
INTRODUCTION
The Sierra Nevada magmatic arc, the Great Valley forearc basin, and the Franciscan accretionary prism together record convergence along the western margin of North America during late Mesozoic time (e.g., Hamilton, 1969; Dickinson 1970 Dickinson , 1976 Schweickert and Cowan, 1975; Engebretson et al., 1985; Ingersoll and Schweickert, 1986) . The wellexposed Great Valley Group of California contains a record of forearc-arc evolution fundamental to understanding the Cretaceous convergent margin of North America and, therefore, is one of the best-studied forearc basin sequences in the world (e.g., Ojakangas, 1968; Dickinson and Rich, 1972; Ingersoll, 1978 Ingersoll, , 1979 Ingersoll, , 1983 Mansfield, 1979; Graham, 1981; Moxon, 1988 Moxon, , 1990 Linn et al., 1991 Linn et al., , 1992 Williams, 1997) . These studies document a protracted history of subsidence and sedimentation in the Great Valley basin and sediment provenance in the Klamath-Sierran magmatic arc. However, the overall uniformity of Great Valley Group sand composition, typical of arc-derived sand of the circumPacific (Dickinson, 1982) , limits the extent to which conventional provenance approaches can resolve details of basin evolution.
Detrital zircon analysis, integrated with conventional provenance analysis, offers the possibility of better resolution of sediment provenance and forearc-basin evolution. Detrital zircon analysis has been applied effectively in the context of regional tectonic problems to establish paleogeography and terrane linkages (e.g., Gehrels et al., 1995; Roback and Walker, 1995; Cawood et al., 1999; Mahoney et al., 1999; Soreghan and Gehrels, 2000) . In ancient active-margin settings characterized by abundant first-cycle detritus, the sedimentary record contained within forearc strata can provide a more complete history of arc magmatism and topography than the present exposure of the arc itself. Therefore, detailed detrital zircon provenance analysis of forearc strata with a well-established source area can elucidate uplift and subsidence in the arc-forearc region, paleotopography of the arc, regional drainage patterns between the arc and forearc basin, and the magmatic history of the arc.
In this paper, we employ detrital zircon provenance analysis to develop a comprehensive picture of sedimentation in the Great Valley basin and the landscape of the adjacent Klamath-Sierran arc. Combining our detrital zircon data with extensive sequence stratigraphy, sandstone petrofacies, and trace element data from the Great Valley Group, as well as a geochronologic database from the KlamathSierran arc, our results (1) track the evolution of regional Cretaceous drainage from localized submarine canyons and fans to much broader sediment-dispersal systems, (2) record Late Jurassic to Early Cretaceous magmatism in the northwestern Sierra Nevada arc during a poorly understood period of Cordilleran magmatism and deformation , which is represented by only limited exposure in the modern Sierra Nevada (e.g., Saleeby et al., 1989a) , and (3) provide further evidence for previously proposed rapid Late Cretaceous exhumation and unroofing of the southern Sierra Nevada batholith (e.g., House et al., 1998; Sams and Saleeby, 1988) . These results demonstrate the power of detrital zircon analysis in understanding ancient arc systems by offering significant new insights into the evolution of a well-studied arc-forearc system.
FRAMEWORK GEOLOGY Regional Setting
Following initiation of subduction under western North America in Late Jurassic time (Schweickert and Cowan, 1975; Saleeby, 1981; Ingersoll and Schweickert, 1986) , the Great Valley forearc basin widened and filled through Cretaceous time, due to westward and upward growth of the Franciscan accretionary prism, coupled with eastward migration of the Sierra Nevada magmatic arc (Evernden and Kistler, 1970; Dickinson and Rich, 1972; Dickinson and Seely, 1979; Ingersoll, 1979; Graham and Ingersoll, 1981) . Sedimentation in the Great Valley basin first occurred in a slope setting that developed by the Early Cretaceous into a broad bathyal forearc basin with an extensive system of submarine fans (Ingersoll, 1979 (Ingersoll, , 1982 Suchecki, 1984; Linn et al., 1992) .
The Great Valley Group forearc basin-fill strata crop out in a homocline along the western margin of California's Central Valley (divided into a northern Sacramento Valley segment and a southern San Joaquin Valley segment) and locally in stream valleys in the northeast corner of the Central Valley (Fig. 1) . The forearc strata are underlain by the Great Valley ophiolite and Sierran basement terranes (Harwood and Helley, 1987; Godfrey et al., 1997) and are covered by Cenozoic sedimentary and volcanic rocks. The Great Valley Group unconformably rests on Eastern Klamath terrane to the north and Sierran arc and associated foothills terranes to the east; the group is in fault contact with the Franciscan accretionary complex to the west (Ingersoll, 1979; Irwin, 1981) .
Great Valley Group Sedimentology
Petrographic studies divide the Great Valley Group into eight major petrofacies based on the relative abundance of quartz, feldspar, and lithic grains in sandstone (Ojakangas, 1968; Dickinson and Rich, 1972; Ingersoll, 1979 Ingersoll, , 1981 Ingersoll, , 1983 Graham and Ingersoll, 1981) , which reflect variations in volcanism versus erosion in the adjacent arc (Fig. 2) . Southward-and westward-directed Cretaceous paleocurrent indicators, coupled with sequencestratigraphic studies, provide evidence for both axial (north to south) and transverse (east to west) sediment transport in the basin (Ingersoll, 1979; Moxon, 1988 Moxon, , 1990 Williams, 1997) . In the Sacramento Valley, sedimentdispersal directions changed from primarily southward in the Late Jurassic to southward and westward in the Cretaceous, suggesting a shift from primarily Klamath to Sierran sources (Ojakangas, 1968; Ingersoll, 1979) . Transport directions remained south-and westdirected throughout the Cretaceous, with the exception of northwest-directed paleocurrents in the southern Sacramento Valley during the middle Turonian (Fig. 3A) . Paleocurrent indicators in the San Joaquin Valley are dominantly west directed, indicating sediment derivation only from the Sierran arc (Ingersoll, 1979) . These sediment-source relationships are further delimited by trace element studies of Great Valley sediment (Linn et al., , 1992 , sediment onlap patterns (Moxon, 1990) , age relationships in basement terranes surrounding the basin (Soreghan and Gehrels, 2000) , and conventional petrographic analysis (Ingersoll, 1983) .
Paleobathymetric maps constructed by Williams (1997) for the Sacramento Valley document the evolution of the forearc basin from a narrow trough with a steep slope in late Cenomanian time to a broader basin with a wider shelf in Santonian time (Fig. 3) . The development of localized areas of subsidence and uplift in the basin in Santonian time complicated the formerly simple pattern of axial transport with transverse input of sediment from the Sierran arc.
Basement Terranes and Source Regions
The Cretaceous paleogeography of the Great Valley forearc basin and the KlamathSierran arc was similar to the present configuration, making the system ideal for a study of sediment-source relationships. The Great Valley forearc basin lies inboard of proposed Late Cretaceous through Cenozoic terrane translations (terranes associated with the Baja British Columbia hypothesis; e.g., Cowan et al., 1997) , terrane motion along a proto-San Andreas fault system , and strike-slip motion on the current San Andreas fault) and remains depositionally and structurally linked to its arc source. Proposed Late Jurassic strike-slip displacement within the Sierra Nevada batholith (Lahren and Schweickert, 1994; Grasse et al., 2001 ) occurred before deposition of the Cretaceous Great Valley strata. Furthermore, no major strike-slip displacement occurred within the Great Valley basin during the Cretaceous, although basin architecture was modified by tectonism related to plate convergence (Moxon and Graham, 1987; Moxon, 1990; Williams, 1997) . Only the Klamath Mountains region has been somewhat dislocated from its Late 
M
Jurassic position by Cretaceous (Constenius et al., 2000) and Cenozoic extension (Schweickert and Irwin, 1989) .
The Klamath terranes consist of a Paleozoic to Mesozoic composite arc assembled and sutured to the continental margin by Late Jurassic time (e.g., Irwin, 1966 Irwin, , 1981 Hacker et al., 1995; Irwin and Wooden, 1999) . Irwin and Wooden (1999) summarized eight accretionary episodes and associated plutonic rocks, which formed the Klamath terranes from Late Silurian or Devonian through Early Cretaceous time. Hacker et al. (1995) described the volcano-plutonic features of the Klamath rocks (Fig. 4) , with episodes of plutonism at 212-192 Ma, 177-167 Ma, 167-159 Ma, and 155 Ma (Irwin, 1985; Barnes et al., 1992; Hacker et al., 1995) . Following cooling throughout the Klamath terranes at 150 Ma, magmatism became widespread again in the Early Cretaceous (Hacker et al., 1995; Irwin and Wooden, 1999) .
The Sierra Nevada batholith is a composite Triassic through Cretaceous batholith intruded into Precambrian, Paleozoic, and Mesozoic metasedimentary rocks ( Fig. 4 ; Bateman and Dodge, 1970; Chen and Moore, 1982; Bateman, 1983 ). The batholith shows regional eastward variations in compositions (e.g., an increase in potassium content and decrease in calcium content) that are independent of pluton ages and result from progressive changes in the batholith source composition with increasing distance from the trench (Kistler and Peterman, 1973; DePaolo, 1981; Bateman, 1983 (Kistler and Peterman, 1973) . Nd values mimic the strontium pattern, showing a decrease from ϩ6 and ϩ7 in the northwest to Ϫ6 to Ϫ8 in the southeast (DePaolo, 1981; Linn et al., 1992) .
The central core of the Sierra Nevada batholith consists of a continuous belt of N20ЊW-trending Cretaceous silicic plutons that cuts across a discontinuous belt of N40ЊW-trending Jurassic silicic rocks ( Fig. 4 ; Evernden and Kistler, 1970; Kistler and Peterman, 1973; Stern et al., 1981; Bateman, 1983) . A single, extensive Triassic sequence crops out only on the eastern side of the central batholith (Stern et al., 1981; Bateman, 1983) . Wells drilled to basement have allowed mapping of undated silicic plutons in Sierran basement terranes beneath the Sacramento Valley ( Fig. 4 ; May and Hewitt, 1948; Harwood and Helley, 1987) . These buried plutons and their country rock likely are the southeastward continuation of the accreted terranes and crosscutting Jurassic-Cretaceous plutons composing the Klamath Mountains basement (e.g., Fagan et al., 2001; Saleeby and Busby-Spera, 1992) .
K/Ar ages obtained prior to 1970 suggested that magmatism occurred in five distinct pulses at 30 m.y. intervals (Evernden and Kistler, 1970) , but more recent U-Pb dating indicates episodic magmatism within two long periods during the and the Cretaceous (125-88 Ma; Stern et al., 1981; Bateman, 1983; Saleeby et al., 1989b) . The depth of emplacement of plutonic rocks exposed today in the Sierra Nevada ranges from 30 km in the southernmost part of the batholith (Pickett and Saleeby, 1993) to 11-19 km on the western side of the southern Sierra Nevada batholith, and as much and 4 km in the eastern part of the batholith (Ague and Brimhall, 1988; Sams and Saleeby, 1988) . (U-Th)/He thermochronologic data indicate that the Sierra Nevada batholith has been a topographic high since the Late Cretaceous, suggesting uplift and exhumation of the batholith soon after emplacement (House et al., 1998 (House et al., , 2001 .
The Triassic and Paleozoic terranes of the Sierra Nevada and Klamath Mountains have been the focus of an exhaustive geochronologic study primarily conducted to evaluate questions concerning the allochthonous nature of pre-Middle Jurassic tectonic units of the Pacific margin (Soreghan and Gehrels, 2000) . The results establish the age distribution of zircons (including recycled Precambrian grains) in the bedrock that contributed detritus to the Jurassic-Cretaceous Great Valley basin and provide an explicit basis for comparing basement sources of sediment against the Great Valley detrital zircon age distributions reported in this paper.
METHODOLOGY Sampling Strategy
We selected 17 samples from the western homocline and coeval strata along the northeast basin margin ( Figs. 1 and 2 ). This strategy allowed us to sample the entire Cretaceous stratigraphy while focusing on the extensively studied Upper Cretaceous units of the Sacramento Valley to optimize comparisons with previous studies and correlation with coeval Upper Cretaceous strata of the San Joaquin Valley and the northeast Sacramento Valley. All of the samples from the western homocline were deposited as deepmarine turbidites (Ojakangas, 1968; Ingersoll, 1979; Mansfield, 1979) .
We analyzed samples that Linn et al. (1991 Linn et al. ( , 1992 collected from the Cache Creek section of the Sacramento Valley and Coalinga section of the San Joaquin Valley to document arc evolution and sediment dispersal with neodymium and strontium trace element analyses. Because we used these previously collected samples, we were limited to small sample sizes (Ͻ1 kg) obtained from single beds. However, because Linn et al.'s Great Valley samples contain a broad grain-size distribution resulting from the turbulent mixing typical of thick-bedded turbidite sand deposits (e.g., Hiscott and Middleton, 1979), we are confident we are sampling all size fractions of the zircon population. We adopt Linn et al.'s depositional age estimates for these samples (Ϯ5 m.y. for Late Cretaceous and Ϯ10 m.y. for Early Cretaceous samples).
To supplement Linn et al.'s samples, we collected 3-5 kg sandstone samples from two areas in the northeast corner of the Sacramento Valley (Fig. 1 ). These include Turonian through lower Santonian marginal-marine deposits that rest unconformably on Klamath basement near Redding, as well as Coniacian through Campanian marginal-marine deposits that lie unconformably on Sierran basement east of Chico (Haggart, 1986; Haggart and Ward, 1984; Russel et al. 1986 ).
Detrital Zircon Methodology
Details of detrital zircon separation procedures and U-Pb analyses using the SHRIMP-RG (sensitive high-resolution ion microprobe with reverse geometry) at the Stanford-U.S. Geological Survey Microisotopic Analytical Center are included in the Appendix. For each sample, a split of ϳ100 grains was mounted in epoxy, preserving a random representation of the total population. The grains were then polished to approximately half thickness of the mean grain size and imaged with transmitted and reflected light and cathodoluminescence to illuminate internal zoning (typically oscillatory). Most of the zircon grains were clear to pale yellow or pale pink, had few to no inclusions, and had euhedral or subhedral morphology; some grains were fractured. Several of the samples contained a small number of well-rounded, dark pink to purple grains that show little to no internal structure in cathodoluminescence images. Although some of the pre-Mesozoic grains were as clear as the Mesozoic age grains in the same population, every dark pink to purple grain was pre-Mesozoic in age. Most samples contained a wide range of zircon grain sizes, from 60 to 300 m.
Pb/U ratios were calibrated with reference to standard zircon AS57 (AS57 standard age of 1099 Ma; Paces and Miller, 1993) that was analyzed after every fourth or fifth analysis of an unknown zircon. Uranium and thorium concentrations were calibrated to standard SL13 . Following Dodson et al.'s (1988) test of statistical adequacy, we analyzed 60 grains per sample to achieve 95% confidence of finding at least one grain from every population that makes up at least 5% of the total sample population [according to the equation P ϭ (1-f) n , where P is the probability of missing a provenance component, f is the proportion (fraction) of that component in the total population, and n is the number of grains analyzed].
The ages assigned to grains younger than 1000 Ma are based on their 206 Pb/ 238 U ratio (GSA Data Repository Table DR1 1 ), and ages of grains older than 1000 Ma are based on their 207 Pb/ 206 Pb ratio (Table DR2 ). Ages were determined by using data-reduction programs Prawn (Ireland, 1996a) and Lead (Ireland, 1996b) and corrected for common Pb by using the model of Cumming and Richards (1975 Pb/ 235 U ages and plotted the data on Wetherill concordia. To avoid introducing further uncertainty by attempting to interpret inheritance and/or Pb loss in grains with Ͼ5% discordance, we chose to disregard those discordant ages in our discussion and do not present them here. Because of the low amount of radiogenic Pb in zircon of Mesozoic age, 207 Pb/ 206 Pb and 207 Pb/ 235 U ages determined by the ion microprobe have high uncertainties and cannot be used to evaluate discordance. We estimated discordance for Mesozoic grains by using Tera-Wasserberg concordia diagrams.
The detrital zircon age data were plotted as histograms with superimposed cumulative probability curves in order to represent both the age measurement and the associated uncertainty . The histograms only show the ages, but the cumulative-probability curve incorporates the uncertainty associated with each age analysis. Each age measurement plots as a normal distribution with 2 uncertainty, where 1 refers to one standard deviation of the measured ratios. The cumulative 1 GSA Data Repository item 2002137-Mesozoic age data, pre-Mesozoic age data, and petrographic and geochemical parameters for Great Valley Group samples-are available on the Web at http://www. geosociety.org/pubs/ft2002.htm. Requests may also be sent to editing@geosociety.org. curve represents a summation of each of these individual normal distributions.
EVOLUTION OF AN ARC-FOREARC SYSTEM

DISCUSSION
Overview of Detrital Zircon Age Distributions
The majority of zircon ages from the Stony Creek sample at the base of the Cache Creek section (Fig. 5) The samples from the Redding and Chico sections (Figs. 6 and 7) contain significant numbers of grains with pre-Mesozoic agesup to 10% older grains in Redding samples and 15% to 38% in Chico samples. The Chico section includes strata younger than the Cache Creek and Redding sections, so the three sections together represent Sacramento Valley stratigraphy from Early Cretaceous through Campanian time (Fig. 2) . All three sections show a marked increase in the proportion of older detrital zircon in late Coniacian through Campanian strata (Figs. 5-7) .
The detrital zircon age distributions from the San Joaquin section are essentially Cretaceous, with a small proportion of Jurassic ages and a fraction of pre-Mesozoic ages (Fig. 8) . The majority of the zircon ages fall into peaks ranging from 132 to 102 Ma.
Interpreting Detrital Zircons in the Forearc Setting
Not all rocks in the Klamath-Sierran arc would be expected to yield significant numbers of detrital zircon. Although zircon solubility is dependent on several factors, including silica saturation, H 2 O content, and melt temperature (e.g., Watson and Harrison, 1983) , zircon generally does not become abundant until a melt reaches intermediate and felsic compositions (Poldervaart, 1956; Watson, 1979) . Zircon in volcanic rocks tends to be smaller than in plutonic equivalents and is less common in volcanic rocks of intermediate composition (Poldervaart, 1956) . The more felsic Late Cretaceous volcanic rocks of the Sierra Nevada may have been a source of some of the detrital zircon for the Boxer pe- trofacies and younger strata, which were deposited when detrital felsic volcanic grains had become more common (Ingersoll, 1983) . However, the most prevalent sources of the abundant large Mesozoic detrital zircon grains in the Cretaceous Great Valley Group were probably the felsic plutonic arc rocks and the supracrustal metamorphic components of the country rock and adjacent terranes; there may have been minor input from intermediatecomposition volcanic cover rocks. This inference is supported by the lag time between depositional ages and contained detrital zircons in all but the Upper Cretaceous samples where depositional age control is less certain (Figs. 5-8; further discussion in later sections); the presence of a time lag signals unroofed plutonic sources rather than syndepositional volcanic cover sources. Linn et al.'s (1991 Linn et al.'s ( , 1992 ) neodymium analyses on whole-rock samples (Fig. 9) likely were influenced by the significant volcanic lithic component of the sandstones (Table  DR3 [see footnote 1]; Linn, 1991) . In contrast, detrital zircon signatures result largely from the erosion of the plutonic and supracrustal metamorphic components of the arc. Taken together with petrographic data, the geochemical whole-rock data and the detrital zircon age data form a comprehensive database useful for understanding erosion and drainage systems from the entire magmatic arc into the forearc basin.
Inferring Submarine-Canyon and Shoreline Geometries from Detrital Zircon
With decreasing stratigraphic age in both the Sacramento and San Joaquin Valleys, the Mesozoic zircon age distributions broaden and young, and the number of pre-Mesozoic grains increases (Figs. 5-8 ). These trends, most evident in the Cache Creek and San Joaquin sections, may reflect (1) drainage divide migration to the east with the active volcanic front, (2) increased dissection of the magmatic arc with headward erosion of transverse drainage systems, and/or (3), increased sediment mixing on a broadening shelf during eastward shoreline migration.
However, the unexpected and surprisingly unimodal nature of the detrital zircon age distributions in the lower Cache Creek section occurs at a significant distance from previously postulated source areas in the Sierran and Klamath terranes, requiring a transport path from source to basin that prevented further input of older or younger detrital zircon. Furthermore, unimodal grain-age distributions in a turbidite sequence indicate little or no sediment mixing in the nearshore environment before transport to deep water, contrary to what is generally presumed (e.g., Ingersoll, 1990) .
The combined effects of the coast and shelf geometry and the confined flow in submarine canyons provide a mechanism for isolating sediment from further mixing during transport to deep-water depocenters, as is demonstrated by the present-day geometry of modern submarine canyons in the Monterey Bay region of central California (Fig. 10) . The head of Monterey Canyon cuts across the broad shelf of Monterey Bay and extends nearly to the shoreline. It currently receives sediment from the Salinas and Pajaro Rivers, which together drain a broad area in central and western California characterized by diverse bedrock and derivative detrital heavy-mineral suites (Yancey and Lee, 1972) . In addition, Monterey Canyon receives sediment transported to the canyon mouth by longshore currents along the broad shelf of Monterey Bay. The result of this geometry is a submarine fan with compositionally integrated sediment derived from an extremely broad area. In contrast, the heads of Sur and Lucia submarine canyons directly south of Monterey Bay are incised into the narrow shelf of the Sur platform. No major river systems feed these smaller canyons, so sediment entering the canyons derives from a localized onshore catchment area in the Santa Lucia Range, and longshore current transport is disrupted by numerous headlands along the narrow shelf. As a result, Sur and Lucia Canyons receive sediment from localized regions, and the sediment undergoes little to no mixing in the shelf environment. Paleobathymetric contour maps of the Sacramento Valley region suggest similarities between the Cretaceous Sacramento Valley shoreline-shelf-slope system and modern coastal California, despite obvious differences in tectonic setting. Incised, back-filled submarine canyons are well-documented features of the late Mesozoic and Paleogene Great Valley forearc (Almgren, 1984; Lowe, 2000) . A very narrow shelf characterized middle Turonian through early Coniacian time, and the resulting detrital zircon distributions in the Cache Creek section are consistently unimodal (Figs. 3A and 3B ). After the early Coniacian, the shoreline migrated east at least as far as the Chico area, and the shelf broadened significantly (Figs. 3C and  3D ). This eastward shoreline migration onto the western flank of the Sierra Nevada during the Late Cretaceous likely resulted from the combined effects of cooling and subsidence of the western Sierran arc as magmatism migrated east (Moxon and Graham, 1987) , flexural subsidence of the basin (Williams, 1997) and an overall long-term Late Cretaceous sea level rise (Haq et al., 1987) . The detrital zircon age distributions in the Cache Creek samples deposited coincident with eastward shoreline migration and a widening shelf broaden dramatically to contain several Mesozoic peaks, as well as a significant pre-Mesozoic population (Fig. 5) . Thus, the broadening of the detrital zircon signatures may reflect the change from small drainage basins, narrow shelf, and localized submarine canyons (analogous to the modern Sur and Lucia Canyons) to a much wider shelf, larger canyons, and more extensive provenance region (like the modern main Monterey Canyon).
Paleocurrent directions inferred for the middle Turonian Venado Sandstone in the Cache
Creek section are northwest-directed ( Fig. 3A ; Ingersoll, 1979) , but return to primarily southdirected in the early Coniacian Yolo Formation ( Fig. 3B ; Ingersoll, 1979) . Cache Creek detrital zircon age distributions remained unimodal throughout this time, but the peak zircon age shifted from 153 Ma in upper Cenomanian rocks to 143 Ma in Turonian rocks, and back to 150 Ma in lower Coniacian rocks. These changes likely reflect evolving Venado submarine-fan and submarine-canyon geometries (Ingersoll, 1979; Lowe, 2000) and minor shifts in source, rather than any fundamental change in sediment provenance.
Late Jurassic to Early Cretaceous Magmatism in the Klamath-Sierran Arc
Detrital zircon age distributions from Cretaceous Great Valley strata provide a glimpse of arc paleogeography and geology that is not preserved in modern exposures in the Sierra Nevada. The 160-140 Ma age range that dominates the Cache Creek section detrital zircon age distributions from Early Cretaceous (Stony Creek Formation) through early Coniacian (Yolo Formation) overlaps the postulated gap in magmatic activity (155-125 Ma) evident from currently exposed plutons in the Sierra Nevada (Stern et al., 1981; Chen and Moore, 1982; Armstrong and Ward, 1993) and includes a period of widespread cooling at ca. 150 Ma in the Klamath Mountains (Hacker et al., 1995) . However, the most local and likely sources for the Late Jurassic to Early Cretaceous detrital zircon are undated silicic plutons in the Sierran basement beneath the Great Valley.
Very little 160-140 Ma magmatism is documented in the Sierra Nevada ( Fig. 4 ; Stern et al., 1981; Chen and Moore, 1982; Saleeby et al., 1989b; Wooden et al., 1999) . Plutons documented by Saleeby et al. (1989b) as 143-140 Ma are limited to the section of the Cretaceous batholith that is farthest to the northwest. Several small plutons in the northwestern Klamath Mountains dated at 150 Ma ( Fig.  4 ; Irwin and Wooden, 1999) constitute another possible source for sediment at Cache Creek that is consistent with south-directed paleocurrents and evidence of axial transport in the basin (Ojakangas, 1968; Bertucci and Ingersoll, 1983) . However, to preserve a unimodal age distribution, sediment eroded from a northwestern Klamath source would have to be transported without mixing across the southern Klamath rocks and a significant longitudinal distance of the forearc basin, by- passing local sediment traps created by synsedimentary normal faults in the northwest Great Valley (Constenius et al., 2000) . The absence of ca. 150 Ma detrital zircon in the intervening Redding section, which lies unconformably on Eastern Klamath terrane basement (Fig. 6) , seemingly precludes this unlikely scenario.
Large, undated silicic plutons have been mapped beneath the Great Valley via cored boreholes penetrating basement (Fig. 4 ; May and Hewitt, 1948; California Division of Oil and Gas, 1964; Harwood and Helley, 1987) . A Late Jurassic age for these plutons would be consistent with the widely accepted model of Sierran magmatism, which postulates that a north-trending Jurassic belt was intruded by a northwest-trending Cretaceous belt of silicic rocks (Bateman, 1983) . These silicic rocks were exposed to erosion until late Coniacian time ( Fig. 3 ; Williams, 1997) , when the Cache Creek detrital zircon signatures shifted from the unimodal distribution of the Yolo Formation to the broader distribution of the Sites Formation (Fig. 5) . Normal faulting in the northwestern forearc prior to ca. 90 Ma (Constenius et al., 2000) likely controlled the narrow shelf, exposing the ca. 150 Ma basement suite and localizing submarine canyons.
Location of the Northern Sierran Drainage Divide During the Cretaceous
Detrital zircon distributions from the Cache Creek section permit inferences about the changing geomorphology of the northern Sierran arc during the Cretaceous. The absence of any pre-Mesozoic detrital zircon in the Stony Creek sample of the Cache Creek section suggests that either source regions were west of Paleozoic terranes in the northern Sierran arc that contain abundant pre-Mesozoic zircon or these terranes were covered by zircon-poor volcanic rocks or overthrust accreted terranes during the Early Cretaceous. The detrital zircon distribution from the Stony Creek sample is dominated by Jurassic ages (190-140 Ma) with a few Triassic ages, matching sources broadly distributed in the northwestern Sierra terranes. Similarly, whole-rock neodymium analyses of the Stony Creek petrofacies samples match well with plutons in the western part of the Sierra Nevada arc, and Lodoga petrofacies geochemistry is consistent with sources in the west-central part of the Sierran arc ( Fig. 9 ; Linn et al., 1992) .
By the time of deposition of the Fiske Creek Formation in the Late Cretaceous, the drainage divide in the northern Sierran arc was as far west as the Smartville Complex, the westernmost terrane in the Western Metamorphic belt (Fig. 11) . The Jurassic mafic and ultramafic components of the Smartville Complex probably yielded little zircon, but crosscutting felsic intrusions provided a possible source for the abundant Late Jurassic and Early Cretaceous zircon grains in the Cache Creek section. Plutons exposed in this region are dated as 162-140 Ma ( Fig. 11 ; Saleeby et al., 1989b; Irwin and Wooden, 2001) ; silicic rocks beneath the adjacent Sacramento Valley even closer to Cache Creek likely also are Late Jurassic to Early Cretaceous. This limited age range in the source rocks, combined with a narrow faulted shelf scored by small submarine canyons, yielded the unimodal detrital zircon distributions in the submarine-fan deposits of the Fiske Creek, Venado, and Yolo Formations, as already discussed.
The drainage divide shifted west owing to uplift in the western Sierran arc between deposition of the Lower Cretaceous Stony Creek and Lodoga petrofacies and deposition of the Upper Cretaceous Fiske Creek Formation of the Boxer petrofacies (Figs. 12A and 12B) . The timing of the drainage divide shift cor- responds with Early Cretaceous normal faulting in the northwestern forearc basin (Moxon, 1988 (Moxon, , 1990 Constenius et al., 2000) , as well as in the Western Metamorphic belt of the Sierran arc associated with emplacement of gold-bearing quartz veins in the Mother Lode gold district. K/Ar and Rb/Sr ages of mariposite associated with quartz-vein emplacement are concordant, and range from 143 Ma to 108 Ma; the mean age is 120 Ma (Kistler et al., 1983; Boehlke and Kistler, 1986) . Cache Creek samples from the Boxer petrofacies have a large range of Nd values (Fig. 9) , consistent with provenance in the westernmost part of the arc. Linn et al. (1992) concluded that the highly variable neodymium values from the Boxer petrofacies samples indicated that either (1) the pattern of magmatism changed from an eastward-migrating magmatic front to isolated and random magmatism across the northern Sierra, or (2) isolated uplift in the westernmost part of the arc created a topographic high, even while the active volcanic front migrated to the east.
The expansion from unimodal to broad detrital zircon distributions in the late Coniacian signals a dramatic eastward shift of the drainage divide from its westernmost location (Figs. 12B and 12C ). This shift likely followed headward erosion of transverse drain- DEGRAAFF-SURPLESS et al. age and possible capture and redirection of longitudinal drainage within the arc, which would have been fostered by the northnorthwest structural trend of accreted terranes (Fig. 4) , as occurs locally in the modern Sierra Foothills belt. With erosion of the previously uplifted western highlands and continued magmatism in the eastern arc, transverse drainages supplying sediment to the forearc basin headed farther east, tapping a much larger range of source ages (Fig. 12C) . Enhanced sediment on the widening shelf and cessation of intrabasinal normal faulting likely also contributed to the dramatic broadening of the detrital zircon distributions in the Late Cretaceous.
Location of the Southern Sierran Drainage Divide During the Cretaceous
The San Joaquin Valley detrital zircon distributions are consistent with petrofacies, paleocurrents, and geochemical data indicating that the southern Sierra Nevada was the primary source of sediment (Ingersoll, 1979; Linn et al., 1991 Linn et al., , 1992 . The 132-82 Ma age peaks measured in the San Joaquin samples likely are derived from plutons associated with the beginning of the second prolonged period of magmatism in the Sierra Nevada (Stern et al., 1981; Chen and Moore, 1982) . Every distribution also contains a smaller proportion of Late Jurassic ages from 175 to 160 and from 146 to 150 Ma, corresponding to the smaller proportion of Jurassic plutons exposed on the western and eastern sides of the main Cretaceous batholith in the southern Sierra Nevada. The upper two samples are from young strata deposited after the end of southern Sierran magmatism (ca. 82 Ma; Chen and Moore, 1982; Cowan and Bruhn, 1992) , when active volcanism no longer created a topographic high that concentrated erosion.
Whole-rock neodymium data from the San Joaquin section indicate that sandstone isotopic composition directly reflects magmatic arc composition and became increasingly continental (i.e., more negative Nd values) as magmatism migrated to the east ( Fig. 9 ; Linn et al., 1991 Linn et al., , 1992 . Linn et al. concluded that the primary source for the San Joaquin sediment was coincident with the volcanic front. The increase in potassium feldspar in the sediment (Table DR3 [see footnote 1]) and the general younging of detrital zircon ages (Fig. 8) are consistent with this interpretation. In contrast to the well-defined northwest structural trends defined by accreted terranes of the northern Sierran arc, longitudinal structures in the southern Sierra Nevada occur within the Late Cretaceous batholith (e.g., Busby-Spera and Saleeby, 1990; Saleeby and Busby-Spera, 1992; Wyld and Wright, 2001) , so capture of longitudinal intra-arc drainage by transverse drainage systems would not have affected the detrital zircon age distributions in the San Joaquin section.
Rapid Exhumation of Southern Sierra Nevada Batholith
San Joaquin detrital zircon distributions show a brief time interval between sediment depositional age and the youngest zircon grains in the distributions (Fig. 8 , Table DR [see footnote 1]). The estimated depositional age for each sample (excluding the uppermost sample, GV13, because of poor depositional age control) requires that this time interval ranges from 17 to 8 Ma (the gap shortens to 11-6 Ma if the upper limits of the depositional age estimates are used). If we assume that the majority of the detrital zircon grains originated in plutonic rocks and that we can reasonably estimate the depth of emplacement of the Cretaceous plutons, this time gap can be used to calculate an approximate rate of arc unroofing. Although current exposures of the lower to middle southern Sierra Nevada batholith (Ague and Brimhall, 1988; Sams and Saleeby, 1988; Pickett and Saleeby, 1993) do not reveal the depth of the uppermost contact between the batholith and overlying volcanic rocks, we can estimate emplacement depths of 6-12 km, typical of silicic continental arc plutons (Rutherford et al., 1985; Martel et al., 1998; Scaillet and Evans, 1999; Scaillet et al., 2001) . If the tops of the deeply emplaced southern and western batholiths were emplaced at 6-8 km depth, unroofing rates of the southern and western Sierran arc during the Late Cretaceous range from 0.35-1.00 mm/yr (0.55 mm/yr to 1.33 mm/yr if the time gap is 11-6 Ma). These erosion rates are consistent with the high average erosion rates (0.4-0.7 mm/yr; Ague and Brimhall, 1988) or the corresponding high uplift rates (0.5 mm/yr, Sams and Saleeby, 1988; 0.6-1.2 mm/yr, Pickett and Saleeby, 1993) calculated for deeply emplaced plutons now exposed in the southernmost Sierra Nevada batholith. Thus, the detrital zircon results are consistent with estimates of rapid uplift and erosion in the southern Sierra Nevada and indicate that unroofing during the Late Cretaceous was perhaps marginally faster than the average rate of erosion of the southern batholith since emplacement.
Pre-Mesozoic Detrital Zircon Provenance
Because there is no discernible trend in the individual ages appearing in each distribution, we combine the pre-Mesozoic ages from all samples within each section into one probability curve, normalized to unity (Fig. 13) . About two-thirds of the grains are concordant or nearly concordant; 30 of the 82 older grains are discordant and are not included in the probability plots (Table DR2 [see footnote 1]). The probability curves for the Great Valley sections are plotted against the normalized probability curves determined for Paleozoic terranes of western Nevada and northern California (Soreghan and Gehrels, 2000) . Because of the small number of grains composing each curve for the Great Valley sections, these are first-order comparisons of detrital zircon ages with potential source terranes.
The Chico section rests unconformably on Sierran basement, and its pre-Mesozoic detrital zircon distribution matches the detrital zircon distributions from Triassic and Paleozoic terranes of northern California (Fig. 13) . The Shoo Fly Complex and the Golconda allochthon are reasonable sources for the older zircon in the Chico section. The Redding section lies on Klamath basement, and its pre-Mesozoic zircon ages are consistent with an eastern Klamath terrane source; however, no zircon database exists for the western Klamath terranes (Gehrels and Miller, 2000; Wallin et al., 2000) . Paleozoic zircon ages in the Cache Creek section match ages from the Eastern Klamath terrane, and Precambrian Cache Creek zircon may have been derived from a combination of the northern California terranes as well as the miogeocline in Nevada (Fig. 13) . Older San Joaquin Valley ages match detrital zircon from the miogeocline in Nevada, into which the southern Sierra Nevada batholith intruded, and do not show significant overlap with the detrital zircon ages from terranes in northern California and Nevada.
CONCLUSIONS
Changes in detrital zircon distributions in Great Valley basin stratigraphy reflect patterns of landscape evolution that may prove common in the arc-forearc setting. Drainage systems feeding the Great Valley forearc depocenter evolved from localized to extensive catchment basins, coincident with the broadening of the shelf and increased dissection of the arc. The arc drainage divide followed migration of the active volcanic front to the east, except where complicated by uplift and pre- existing structural trends in the northern Sierra Nevada terranes.
In all four of the sampled Great Valley stratigraphic sections, the detrital age distributions broaden up section. The change from distributions dominated by one or two age populations to broader, more evenly distributed spectra likely results from a combination of changing subaerial drainage systems, changing submarine-canyon and shelf morphology, and increased dissection of the Klamath-Sierran arc. The unimodal detrital zircon age distributions of the lower Cache Creek section samples are best explained by a local source tapped by small drainage systems feeding a submarine canyon incised across the narrow shelf of Cenomanian through early Coniacian time.
Sediment provenance limited to the westernmost Sierra Nevada and now-sedimentcovered basement rocks suggests that the drainage divide of the northern Sierran magmatic arc was in the westernmost Sierra terranes from Cenomanian through early Coniacian time, much farther west than the active magmatic front. The westward shift of the drainage divide probably resulted from uplift in the western Sierra terranes. The drainage divide shifted east by late Coniacian time owing to headward erosion of transverse drainage systems and potential capture and redirection of longitudinal drainage systems within the arc.
Detrital zircon distributions from the San Joaquin Valley also show broadening distributions through time, but both the detrital zircon age data and neodymium geochemical data suggest that the drainage divide in the southern Sierran arc was nearly coincident with the active volcanic front throughout the Late Cretaceous. Trends up section in wholerock geochemical data match trends across the batholith from west to east, and the short time difference between the youngest zircon grains in the sediment and syndepositional volcanism indicates that at least some of the detrital zircon originated close to the active magmatic front. Thus, the active magmatic front of the arc likely formed the major drainage divide of the southern Sierras.
The detrital zircon data suggest that the shoreline in this active continental-margin setting may not have consistently produced the extensive sediment mixing and homogenization traditionally considered typical of highenergy nearshore processes (Ingersoll, 1990) . The modifying effects of nearshore processes diminish in active plate-margin settings because of narrow coastal plains and shelves combined with high sediment flux (Ingersoll et al., 1993) . In fact, the unimodal detrital zircon distributions from the Cache Creek section of the Sacramento Valley suggest that nearshore homogenization effects may be completely absent in some forearc settings where mixing is prevented by limited subaerial drainage reaching a narrow shelf tapped by submarine canyons. Thus, our results demonstrate the value of detrital zircon provenance studies in reconstructing paleogeography and paleotectonics of arc-forearc systems, especially when used in combination with sedimentary facies, sequence stratigraphy, elemental geochemistry, other thermochronology tools, and conventional petrography. Detrital zircon studies offer the potential for new, un-expected results, even in presumably wellknown systems such as the Mesozoic arcforearc of California.
APPENDIX. LABORATORY TECHNIQUES
Zircon separation procedures were as follows: Rock sample was crushed and powdered using jaw crusher and disk grinder; powdered sample was run through Gemeni table to remove the light fraction; remaining sample soaked in 10% acetic acid until no reaction took place; sample was washed and then soaked in 3% hydrogen peroxide until no reaction took place; sample was washed and dried; sample was run through vertical Franz to remove iron filings and most mafic minerals; nonmagnetic fraction placed in lithium metatungstate (LMT) with density of 2.96 g/cm 3 to remove lighter fraction; remaining heavy fraction run through slope Franz to remove remaining mafic minerals (settings for slope Franz were 10Њ at 0.5 A, 10Њ at 1.0 A, and 10Њ at 1.8 A); the nonmagnetic slope Franz split was placed in methylene iodide (MEI) with density of 3.3 g/cm 3 ; a portion of the heavy MEI split (mostly zircon grains) was spread out on a microscope slide; a small area of the slide was cleared of all zircon grains, and those zircon grains (representative of the entire sample) were mounted in epoxy for analysis by SHRIMP-RG.
For U-Pb analyses using the SHRIMP-RG at the Stanford-USGS Microisotopic Analytical Center (SUMAC), the intensity of the primary beam -O 2 was 6-10 nA, mass resolution was 6500-7500 at 10% peak height, and sensitivity was 5-15 counts per second normalized to the beam current in nanoamperes and the Pb concentration in parts per million in SL13 concentration standard. The primary beam spot size was 20-40 m in diameter, and the spot was placed as close as possible to the core of each grain, avoiding cracks, inclusions, and broken edges of grain fragments. Each analysis consisted of five scans through each isotope mass, counting 2 s on Zr 2 O, 7 s on 204 Pb, 7 s on background, 12 s on 
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